A photomask for semiconductor device production faces serious problems related to the thermal displacement of the mask pattern during exposure. During mask exposure, pattern placement error occurs in the mask. The minimization of thermal in-plane displacement is needed. To estimate thermal displacement, a model based on the three-dimensional steady-state thermal theory and two-dimensional in-plane stress theory was proposed by the finite difference method. Three types of boundary condition, that is, a free edge, a fixed edge, and a combination of a free edge and a fixed edge were investigated to minimize mask pattern placement error. Quantitative relations of the boundary condition and thermal displacement were clarified. It was found that the fixed edge minimizes pattern placement error caused by thermal expansion. Moreover, the combination of the free and fixed edges indicated the directionality of the placement error distribution.
Introduction
A photomask is an original plate for the mass production of integrated circuit devices, printed circuit boards, and flat panel displays. During mask exposure, pattern placement error occurs in the mask. The cause of this placement error is the thermal expansion of the mask heated by absorbing the exposure wavelength. The placement error decreases the production yield of electronic devices and causes serious problems in the electric characteristics. The minimization of pattern placement error is needed.
A partial differential equation related to thermoelasticity in the field of lithographic mask fabrication has provided useful information on the minimization of the mask thermal distortion (1) - (7) . However, previous studies of this equation elucidated the thermal deformation behavior rather than the boundary condition dependence. The conventional boundary conditions related to in-plane displacement are free edges or fixed edges. A combination of a free edge and a fixed edge is used for supporting a photomask on the stage in exposure systems. The boundary condition should be regarded as the most important factor for controlling pattern placement error caused by thermal expansion. Peak placement error also occurs in the steady state (6) . The peak error in the steady state is useful as a standard of tolerance level, because the placement error in the unsteady state does not exceed the peak error in the steady state. The prediction of the steady state from the unsteady state has a problem of increasing the time step in numerical calculation. Numerical computation based on equations related to the steady state is regarded as more useful than what for carrying out effective calculation. In this study, the numerical computation using equations of thermal conduction and the in-plane stress theory is carried out to predict the pattern placement error of a mask caused by thermal expansion during exposure. A linear approximate equation of radiation heat transfer is introduced into the calculation as the effect of cooling a mask being heated by absorbing exposure wavelength. Three types of boundary condition related to supporting the mask in the stage are considered to minimize pattern placement error on the mask. As a result, a mask support method for minimizing pattern placement error caused by thermal expansion during exposure is proposed. This study will be useful for designing a low-distortion mask support method for clarifying the boundary condition dependence of pattern placement error. Figure 1 shows the basic components of the exposure system in the lithographic process. The absorber side of the mask faces a wafer. The laser beam is incident on the glass surface of the mask. The steady-state temperature field of the mask is examined to compare the mask support condition for minimizing the pattern placement error of the mask. Figure 2 shows the schematic relations of the mask and stage for explaining basic boundary conditions. The environmental temperatures of the stage and atmosphere are kept at 25℃. The mask substrate is square. The quartz glass substrate used absorbs part of the laser beam at a wavelength of 248 nm (8) . In this study, we discuss the effect of boundary conditions related to mask support. The absorption of the mask substrate is not discussed. Here, the heat source on the mask is assumed to be the absorber pattern itself. The absorber pattern is made of chrome or molybdenum silicon. The thermal energy generated at the pattern on the mask diffuses in the substrate three-dimensionally. The thermal energy is transferred to the mask support stage by conduction or to the surrounding environment by radiation. The mask temperature rise is expressed by steady-state three-dimensional thermal conduction equations related to the boundary conditions, as follows:
Numerical computation model

Equation and Boundary Condition
where T is the temperature rise, K is the thermal conductivity, 0 h is the substrate thickness, L is the square substrate size, ) , ( y x q is the heat source distribution q is the power density of the heat source (mW/cm 2 ). The origin of the coordinate axis in the mask is the center of the absorber pattern side. The z-axis is defined as the direction from the absorber pattern side to the glass back side. The boundary condition (2) indicates heat generation at the absorber pattern side and radiation heat transfer toward the environment constant temperature. The boundary condition (3) indicates radiation heat transfer from the glass side to the environment. The boundary conditions (4) and (5) 
where cond h is the coefficient of contact heat transfer (0.015W/cm 2 ·K) (9) . The contact heat transfer that depends on thermal stress is effective to reduce thermal damage. However, the modeling for the contact heat transfer should be investigated in detail. This is a future Radiation heat transfer z examination problem. In this study, it is assumed that the contact heat transfer is constant. The heat flux of radiation heat transfer is given by (10) 
where ε is the emissivity, β is the Stefan-Boltzmann constant, and AR T is the absolute value of environmental temperature. Equation (9) of linear radiation heat transfer is used when the temperature change of the mask is smaller than the constant environmental temperature. Figure 3 shows a comparison of the exact radiation flux and its linear radiation flux at an environmental temperature of 25℃. The difference between the exact and linear equations widens with a temperature rise at 10℃. A relative error of 5% is sufficiently small in practice, as shown in Fig. 3(b) . As a result, the linear radiation heat transfer equation is available in the temperature rise range of 10℃. Here, the normalized heat flux is defined in the ratio of radiation heat flux in the temperature range of 0-10℃ for the exact radiation heat flux at the temperature rise of 10℃. The area of the mask substrate surface is larger than the area toward the thickness direction. This means that the in-plane stress model is available for predicting the thermoelasticity of the mask. On the condition of the application of the in-plane stress theory, the thickness should be small, typically 10% or less, than the shortest in the plate surface size. In this study, the mask size has 10 mm square and 6.25 mm thickness. Hence, the application of the in-plane stress theory is possible. The thermoelasticity equation is examined for predicting mask pattern placement error caused by thermal expansion. Stress and strain based on in-plane stress are expressed by
where x ε is the strain in the x-axis, y ε is the strain in the y-axis, xy γ is the shear strain,
x σ is the stress in the x-axis, y σ is the stress in the y-axis, xy τ is the shear stress, ν is the Poisson ratio, α is the thermal expansion coefficient, E is the Young's modulus, and G is the modulus of rigidity. Displacement and strain are expressed by 
where x u is the displacement in the x-axis and y u is the displacement in the y-axis. The modulus of rigidity and Young's modulus are related through
This equilibrium equation is expressed as 
The dual simultaneous partial differential equations are used for the two-dimensional analysis of mask pattern placement error. These equations indicate that the cause of pattern placement error by thermal expansion is the temperature gradient. The boundary conditions related to the displacement equations are discussed. Figure 4 shows the three types of boundary condition related to mask support. The boundary condition of the free edge does not restrict the mask edge, as shown in Fig. 4(a) . Radiation heat transfer occurs at the free edge. The stress does not act at the free edge. The displacement at the free edge is the same as free expansion. Hence, the boundary condition at the free edge is expressed by
The boundary condition of the fixed edge restricts the movement at the edge of the mask substrate, as shown in Fig. 4(b) . The stage supporting the mask is assumed to be a rigid body. The stage is maintained at a constant temperature. Thermal energy spreads by contact thermal conduction. Hence, the boundary condition at the fixed edge is expressed by
As shown in Fig. 4(c) , the boundary condition that consists of the free and fixed edges is similar to that in a real exposure system. The boundary condition of the free edge is used at the edge in the y-direction. The boundary condition of the fixed edge is used at the edge in the x-direction. Thermal energy spreads by radiation at the free edge and by thermal conduction at the fixed edge. Hence, the boundary conditions of the free and fixed edge are respectively expressed by
Numerical Computation Precision
For the numerical computation of temperature and displacement, the above partial differential equations were approximated by the finite difference method. The approximate expressions are simultaneous algebraic equations. The algebraic equations were solved using the commercially available program MATHEMATICA. The properties of the material and the loading parameters are shown in Table I . To discuss the steady state of mask temperature, continuous irradiation at a constant power density was assumed. The precision of the finite difference method depends on the element number of partitions. To adequately select the element number of partitions, convergence characteristic and error were evaluated. A uniform heat source and a uniform local heat source were assumed for the evaluation. A free edge as the thermal boundary condition was also assumed.
The temperature change induced by the uniform heat source was calculated. Figure 5 shows the convergence temperature dependence of the element number of partitions. The number of partitions in the thickness direction was 3 or more, and the temperature rise converged in response to the surface number of partitions. The calculation result did not have a change in more than Nz=3. Thus the element number of partition in the z direction was selected by Nz=5. The convergence temperature rise was obtained using the elements of 60x60, as shown in Fig. 5(a) . Figure 5(b) shows the convergence temperature rise dependence of the reciprocal of the element number of partitions. In Fig. 5(b) , the origin of the x-coordinate indicates a convergence temperature rise of 6.5℃ estimated with an infinite number of the element. A relative error of 0.014% was estimated from the elements of 10x10, as shown in Fig. 5(c) . Here, the relative error is defined in the ratio of temperature depending on the element number of partitions for the convergence temperature. The temperature change by the local heat source was calculated. Figure 6 shows the convergence temperature rise dependence of the element number of partitions. The element numbers of partitions in the thickness direction are 5 and 9. The convergence temperature rise dependence of the element number of partitions in the thickness direction indicates the same change. The convergence temperature rise was obtained using the elements of 70x70, as shown in Fig. 6(a) . Figure 6(b) shows the convergence temperature rise dependence of the reciprocal of the element number of partitions. A convergence temperature rise of 0.61℃ was estimated with an infinite number of the element. A relative error of 1% was estimated using the elements of 21x21, as shown in Fig. 6(c) . Here, the relative error is defined in the ratio of temperature depending on the element number of partitions for the convergence temperature. Thus the element number of partition in the z direction was selected by Nz=5. It was found that the element partition number affects the computation precision in response to the distribution of the heat source. The element partition number of the local heat source needs more element partitions than that of the uniform heat source. The temperature model was decided in the surface elements of 21x21 and in the thickness elements of 5. The error of the model is 1% or less. The thermal displacement model was decided in the same elements of 21x21 as the temperature model.
Calculation results
The set of patterns such as the set of lines and spaces or holes is assumed to be one pattern. As shown in Fig. 2 , one set of 4 squares was calculated in relation to the steady state thermal displacement. A resist sensitivity of 25 mJ/cm 2 and a shot time of 0.25 s were assumed as the exposure conditions for a mask magnification of 4. The power density of 6.25 mW/cm 2 on the mask is due to the exposure condition. Continuous irradiation at the power density is assumed. Figure 7 shows the steady-state temperature rise distribution of the mask predicted by the boundary condition with the free edge. A peak temperature rise of 2.4℃ is shown near the mask center. The circumference of the mask edge indicates a temperature rise of 1.8℃. Figure 8 shows the steady-state temperature rise distribution of the mask predicted using the boundary condition with the fixed edge. A peak temperature rise of 1.3℃ is shown in the vicinity of the mask center. The circumference of the mask edge indicates a temperature rise within 0.25℃-0.50℃. Figure 9 shows the steady-state temperature rise distribution of the mask predicted by the boundary condition with the free and fixed edges. A uniform temperature rise of 0.50℃ is indicated along the circumference of the mask fixed edge. A parabolic temperature profile with a peak of 1.0℃ is formed along the mask circumference of the free edge. The maximum temperature rise of 1.6℃ is shown near the mask center. The temperature differences along the mask substrate thickness are sufficiently small in the stead-state, as shown in Figs. 7-9 . However, the temperature gradient along the thickness direction is a significant factor for out-of-plane thermal deformation in the unsteady state. To fully solve this problem, another investigation is necessary. Figure 10 shows vector maps of pattern placement error in response to the temperature rise distribution predicted using three types of boundary condition. Figure 11 shows the distributions of pattern placement error along the center axis of the mask corresponding to the boundary conditions of the free edge and fixed edge, respectively. Figure 12 shows the distributions of pattern placement error along the center axis of the mask corresponding to the boundary condition of the combination of the free edge and fixed edge. In Fig. 12 , the solid line is the pattern placement error in the x-axis, and the dotted line is the pattern placement error in the y-axis. The radial distribution of pattern placement error is given by the free edge of the boundary condition, as shown in Figs. 10(a) and 11(a) , respectively. The maximum error of 62 nm is shown at the circumference of the mask.
The radial distribution of pattern placement error is given by the fixed edge of the boundary condition, as shown in Fig. 10(b) . However, a maximum error of 4.1 nm is produced at the position just before the mask edge, as shown in Fig. 11(b) . There is no placement error at the mask circumference, since the movement of the circumference of the mask is restricted by the fixed edge. The maximum error of the fixed edges is reduced to 1/15 that of the free edge.
There is a directional distribution in the pattern placement error predicted by the boundary condition of the combination of the free edge and fixed edge, as shown in Figs.  10(c), 12(a), and 12(b) . The placement error along the free edge increases in proportion to the distance from the mask center. The maximum error in the y-direction is 48 nm at the free edge, as shown in Fig. 12(a) . A maximum error of 1.4 nm in the x-direction is produced at the position just before the fixed edge, as shown in Fig. 12(b) . In other words, the maximum error toward the fixed edge is reduced to about 1/30 that toward the free edge.
From the above-mentioned result, thermal deformation, including a higher temperature rise and a larger thermal expansion, is predicted by the boundary condition of the free edge in the three types of boundary condition. The fixed edge at the circumference of the mask minimizes mask placement error. The boundary condition of the combination of the free and fixed edges indicates the directionality of the placement error distribution. The boundary condition of the fixed edge is sufficient to support the mask in exposure systems.
Emissivity of quartz glass is in the range of 0.68-0.95 as shown in some database. In this study, emissivity of 0.75 that is described by the reference (7) was applied. Measurement result of the emissivity has no strict validity because the emissivity depends on its surface condition. Dominant mechanism of thermal transfer in the temperature range of more than 1000K is radiation heat transfer. The validity of the emissivity has a much influence on the result of the temperature calculation. Evidence and validity of the emissivity are required strongly. On the other hand, in the temperature range of around 308K, as the result, the ability of the contact heat transfer is larger 24 times than that of black body radiation. Even if the emissivity is in the range of same database, as for the influence to give a result, the contact heat transfer becomes dominant. Hence, the radiation heat transfer that uses the emissivity in the range of 0.68-0.95 is not dominant. In this study, the thermal conductivity of the quartz glass is 8.36W/(m·K) (4)(7) as shown in Table I . The thermal conductivity is the value of the quartz as the raw material before becoming mask substrate. However, after becoming the mask substrate, the values of some database are around 1.4W/(m·K). As for the quartz glass, generally, the differences of thermal conductivity between the raw material and the product are based on the structural differences between crystal and amorphous. Thus, the thermal conductivity of the mask substrate as the product is lower than that of the raw material. It is predicted that the experimental placement error will become larger 6 times than this calculated results. The value applied by this study is necessary for minimization of the pattern placement error.
Conclusion
To estimate thermal displacement, a model based on the three-dimensional steady-state thermal theory and two-dimensional in-plane stress theory was solved by the finite difference method. Quantitative relations of the boundary conditions and displacement were clarified. Three types of boundary condition were considered to minimize pattern placement error on the mask. The boundary condition of the combination of the free and fixed edges indicates the directionality of the placement error distribution. We found that pattern placement error caused by thermal expansion is minimized under the boundary condition of the fixed edge. The boundary condition of the fixed edge is sufficient to support the mask in the exposure system.
